Abstract Physical exercise contributes to maintenance of physical health. There is growing evidence, both from animal work and from human epidemiological and longitudinal intervention studies, that physical exercise also impacts directly on the brain, mediating structural integrity and improving cognitive functioning. Modern neuroimaging approaches, in particular magnetic resonance imaging (MRI) based techniques provide a powerful means to non-invasively study the effects of physical exercise on human brain structure and function. Employing these techniques in exercise sciences will allow determining central mechanisms of body-brain interactions, both, in health and disease states. It is expected that this may propagate individualized exercise training regimens for disease prevention and, ultimately, adapted applications for prevention and slowing down disease progression in neurodegenerative conditions. At current, however, these imaging techniques are largely based on inter-subject averaging and their impact for personalized medicine with the goal of promoting preventive and personalized healthcare remains to be determined.
Introduction
Physical exercise has been shown to improve performance in multiple cognitive tasks, including executive control, attentional processing, and spatial memory [1, 2] . Behavioral findings in humans undergoing regular exercise training have been mainly derived from studies in older cohorts [1] [2] [3] , but there is growing evidence to support a role of exercise for improved cognitive functioning also in children and young adolescents [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Exercise-related effects in the central nervous system (CNS) have been attributed to neurogenesis [13] [14] [15] , angiogenesis [15, 16] , and synaptic plasticity [17, 18] . At the molecular level, structural changes appear to be mediated by different neurotrophic factors [19] , including brain-derived neurotrophic factor, BDNF [17, [20] [21] [22] , nerve growth factor, NGF [23] , insulin-like growth factor, IGF-1 [24, 25] , and vascular endothelial growth factor, VEGF [26] . There is evidence from animal studies that exercise is also associated with release of neuronal progenitor cells, which were found to be highly expressed in the surrounding of injured brain tissue [27, 28] , and in the hippocampus [29] [30] [31] [32] [33] . The hippocampus is known to be a central structure for relational memory acquisition [34] [35] [36] , and a region decreasing in volume with advanced aging [37, 38] ; most notably, atrophy of the hippocampus is considered as a core pathological feature of Alzheimer's Disease (AD) [39] [40] [41] [42] . Behavioral data indicate that exercise may alleviate disease progression in AD [43, 44] , as well as in other neurodegenerative conditions like Parkinson's Disease [45] . However, the application of in vivo neuroimaging techniques (see below) for monitoring the neuroprotective and restaurative effects of regular exercise in pathologies of the human brain are as yet very limited.
Given the outlined potential of exercise training for preventive personalized medicine concepts, this review article attempts to highlight the emerging role of modern neuroimaging techniques for monitoring the CNS effects of exercise and, potentially, for providing surrogate markers for clinical trials involving patients and at-risk cohorts. After a brief introduction into the two principal neuroimaging techniques, magnetic resonance imaging (MRI) and positron emission tomography (PET), the current evidence derived from these methods with regard to CNS effects of exercise are summarized. As the so-called "brain activation" studies (with PET or MRI) are mainly considered as research tools requiring across-subject averaging, the emphasis is laid upon imaging structural, metabolic, and neurotransmitter effects of exercise. As there is a quest to apply these methods in longitudinal and counterbalanced protocols, the review also deals with future aspects and applicability of these techniques in health and disease conditions.
Neuroimaging methods

Magnetic resonance imaging
MRI can be used to study structural and functional measures in the CNS that are highly relevant in the context of exercise research. The advantage of MRI is its noninvasiveness, allowing repeated measurements in longitudinal study designs. In the following, a brief introduction of MR-based techniques is given for structural gray and white matter imaging, as well as for functional imaging, including MR-spectroscopy, MR perfusion imaging, and functional MRI (fMRI).
Structural imaging: gray matter
Structural MR imaging provides high-contrast 3D scans with excellent differentiation of cerebrospinal fluid (CBF), gray matter (GM), or white matter (WM). Dedicated sequences allow measuring the entire brain at (sub)millimeter voxel scale. Quantitative structural changes can be determined in cross-sectional designs between different research cohorts (e.g. between low-and high-fit individuals) or in longitudinal designs measuring the effects of long-term interventions (e.g. exercise challenges versus control conditions like stretching).
Quantification of differences in gray matter volume can either be accomplished using classical manual volume-ofinterest (VOI) analyses, semi-automated VOI segmentation algorithms, or automated voxel-based-morphometry (VBM) approaches. VBM quantifies global and/or regional changes in human brain volume, where the probability of voxels being CBF, GM, or WM is calculated on the basis of a priori intensity distributions of these tissue types [46] . VBM is an automated technique and as such not prone to observer-bias. However, the interpretation of underlying structural changes is hampered as it is currently impossible to deduce neuronal or vascular changes as primary sources of structural changes over time or between groups, or for instance, whether findings are driven by gyrification differences. A limitation is also that it is impossible to differentiate whether signal changes are due to decreases in gray matter or to increasese in white matter (or vice versa).
In longitudinal studies, tensor-based morphometry (TBM) provides a tool for automated quantification of gray-matter changes over time. In TBM, nonlinear deformation fields are applied to a baseline scan and are subsequently aligned to the follow-up scans, and "based on local analysis of the applied compression and expansion, rates of brain change can be inferred for specific regions of interest or presented in the form of a map" [47] .
Structural imaging: white matter
Directional information of neural tracts connecting brain regions can be determined with another MR technique called diffusion tensor imaging (DTI) [48] . The measured rate of water diffusion will differ depending on the movement direction of water molecules, which is more rapid along anatomical pathways and slower in direction perpendicular to anatomical boundaries. By measuring the direction of this molecular movement in six or more MR gradient directions, it is possible to compute the diffusion tensor (DT). Diffusion anisotropy measures such as the fractional anisotropy (FA) can be derived from the DT, and the direction of the DT can be used to inform about white-matter connectivity (MR-tractography) [49] .
Functional MRI
Increased synaptic activity linked to task performance is associated with local perfusion changes which cause a disproportionate increase of oxygenated hemoglobin in activated brain tissue. The resulting local alteration of the oxy/deoxy-hemoglobin fraction causes a change in netto magnetization of activated brain regions that can be measured with rapid MR-sequences sensitive to the so-called T2* effect [50] . Due to its non-invasiveness (no radiation exposure, no contrast agent exposure), fMRI has become the most influential and most widely distributed functional imaging technique in systems neuroscience. Typically, fMRI is performed either as block design (alternating periods with continuous task performance and control states) or as event-related design (stimuli presented as single events of short duration).
Based on the observation of default functional activity during resting states which imply intrinsic functional activity of coherent brain networks [51, 52] , recent applications of T2*-weighted imaging sequences were focused on so-called "resting brain" studies [53] [54] [55] [56] [57] [58] , in which functional connectivity is determined during rest states. Functional connectivity is assumed when coherent spontaneous signal time-courses are found over time in distant regions of the brain.
Perfusion MRI
It is nowadays possible to determine brain perfusion, both globally and locally, with MR-based arterial spin labeling (ASL) [59, 60] which is now also applied in clinical populations [61] . ASL is a non-invasive technique and, in contrast to H 2 15 O PET, global and local perfusion can be quantified without any radiation exposure. ASL is based on the magnetic labeling of the inflowing water in the carotid arteries. The technique is relatively new and direct comparative studies with PET, the current gold standard in perfusion mapping, are as yet limited [62] . Thus, the validity of CASL, in particular for longitudinal intervention studies will need to be further determined in direct comparison to PET. Figure 1 outlines the method.
MR-Spectroscopy
Proton magnetic resonance spectroscopy (1H-MRS) is a non-invasive technique that allows quantification of brain metabolites, either as localized single voxel spectroscopy or as 2D or 3D spectroscopic imaging. Various brain metabolites (e.g. N-acetylaspartate, choline compounds, (phospho)creatine, myo-inositol, lactate) can be quantified yielding their absolute concentrations or metabolite ratios, and changes related to exercise interventions can potentially be identified either cross-sectionally, or in longitudinal designs. Regarding the postulated neuroprotective and restaurative effects of exercise, quantification of N-acetylaspartate levels may be particularly interesting as this compound is considered to represent a neuronal marker and a measure of neuronal integrity [63, 64] . Figure 2 depicts a proton spectrum at 3 T from the hippocampus volume depicted in Fig. 3 .
Positron emission tomography
PET is a technique based on annihilation coincidence detection [65] . The production of suitably positronemitters depends on a local cyclotron unit and a radiochemistry laboratory in nearby distance to a PET scanner, at least when radionuclides with short half-lifes are employed. Only radiocompounds with longer half-lifes, for instance 18-F-labeled compounds (half-life 109.8 min), can be transported over longer distances. Due to the inherent radiation exposure of PET, this technique has limited applicability, in particular in studies that require repeated measurements over time.
Using specific radioligands, absolute quantification of receptor binding is possible in vivo and PET may thus be highly informative about the central neurochemistry of exercise, in particular opioidergic (and endocannabinoid), dopaminergic, and serotoninergic transmission. Neuroreceptor PET may also impact on our understanding of central neurochemical mechanisms of exercise in different disease states, for instance affective disorders, which are Fig. 1 Quantitative perfusion map using CASL in single subject (single-shot spin-echo echoplanar imaging at 3.0T, TR/TE 4200/38, 11slices, Slice thickness: 8 mm, Matrix: 64×64, "labeling delay" 700 ms, 40 dynamics, scan-time: 336 s.,Transmit/Receive Head Coil). Courtesy Dr. Lukas Scheef, Dept. of Radiology, University Bonn known to benefit substantially from regular exercise regimens [66, 67] .
The tracer 18 F-Fluoro-deoxy-glucose (FDG) is well established for quantification of brain metabolism, both regionally and globally, and this measure will be informative in exercise applications in neurodegenerative disease conditions. Eventually, using novel compounds [68, 69] , PET might be applied for in vivo monitoring of distinct pathological measures, for instance clearance of amyloid places with exercise in subjects with amyloid-related pathologies.
Neuroimaging research in exercise science
There is clear evidence that the brain undergoes substantial structural and metabolic changes with increasing age, which is associated with declines in cognitive performance. Age-associated regional brain atrophy is most significant in the prefrontal cortex [70, 71] and in the medial temporal lobe including the entorhinal and hippocampal regions [72] , while other brain regions like sensorimotor and occipital cortex remain relatively spared. In accord with the animal literature (see above) there are now also indications from human imaging studies to support the notion that exercise alters this age-related decline. In the following part of this review, current data on structural and functional effects of various exercise challenges in different age groups will be summarized.
Structural brain changes induced by exercise
Based on a cross-sectional MR-study design, Colcombe et al. were the first to report a positive association between brain tissue density and aerobic fitness levels [73] . They acquired high-resolution structural MRI data and performed VBM analyses in a population of 55 older adults (55-79 year) with estimated VO2 scores (derived from the Rockport 1-mile walk protocol) ranging from 11-50. They described declines in gray matter tissue densities in prefrontal, superior parietal, and middle/inferior temporal cortices as a function of increasing age [73] . Interestingly, volume losses in these identical areas (i.e. affected by age) Fig. 3 Delineation of a VOI centered on the left hippocampus of a healthy control for single-voxel spectroscopy (see Fig. 3 ; courtesy Dr. Lukas Scheef, Dept. of Radiology, University Bonn) were substantially reduced as a function of cardiovascular fitness. Although on a cross-sectional level, these authors provided first human evidence for a reciprocal link between increasing cardiovascular fitness and decreasing neural degeneration in elderly subjects. Interestingly, grey matter density changes depending on aerobic capacity levels have been reported also for the anterior insula, an area implicated in cardiovascular control during exercise and implicated in autonomic arousal: Using VBM analysis in a sample of 33 healthy young subjects (mean age 23.9, range 19-35 year), Peters et al. demonstrated that aerobic capacity was positively associated with structural changes in right anterior insula [74] . More recent cross-sectional morphometry work extended these findings by explicitly focusing on temporal lobe structures, i.e. where animal work has found structural (mainly hippocampal) plasticity following regular physical exercise [13, 18] : Bugg et al. used an automated labeling technique of the mesial temporal lobe, and found in 52 older adults aged 55-79 year that this particular region undergoes a steady age-related decline in low-fit individuals, whereas the age-related decline is attenuated in high-fit individuals [75] . Substantial differences in hippocampal size depending on fitness levels were also found in childen at the age of 9-10 year [76] , but it has to be pointed out that any causative interpretations derived from cross-sectional study designs have to be considered with caution.
Longitudinal intervention trials are methodologically more stringent and studies from Arthur Kramer's group at the Beckmann Institute, Urbana, Illinois, have shown the path to be pursued in future structural imaging studies of exercise: In 2006, Colcombe et al. published the first randomized clinical morphometry trial investigating the effects of physical exercise on structural brain changes [77] . They included 59 sedentary volunteers (60-79 years) in a 6-month randomized clinical trial, in which half of the cohort was allocated to aerobic training, the other half to toning and stretching [77] . Gray matter increases were identified in the exercise group, but not in the control group, and occurred in frontal lobe structures involved in higher order attentional control and memory (e.g. dorsal anterior cingulate cortex, supplementary motor area, middle frontal gyrus bilaterally, right inferior frontal gyrus). Differential effects induced by exercise training have also been reported in younger adults (control group: 21.2± 1.5 year, training group: 20.9±3.2 year), as evidenced by a significant group x time interaction in the left anterior insula, which was mainly driven by a volume decrease in the control group over approximately 4 months [78] .
Most recently, Erickson et al. performed an intervention trial involving 160 sedentary subjects, which were randomized to either low-intensity exercise or stretching [79] . They applied an automated labeling (ROI) analysis and found an increase of hippocampal volume by 1-2% over a timeperiod of 12 months in the exercise group, whereas decreases in hippocampal volume of the same magnitude were observed in the control group (i.e. representing age-related declines). Similar effects were observed for the left and the right hippocampus, but no significant changes in size were observed in the caudate nucleus or the thalamus. Interestingly, the hippocampal volume increases in the exercise group were correlated with improved performance on a spatial memory task, thus, revealing a link between structure and function in a region-specific manner. This longitudinal study with repeated MRI measures taken at six and at 12 months highlights the dynamics of structural plasticity changes at the hippocampal level induced by exercise.
To conclude, recent randomized trials in healthy sedentary cohorts (with either exercise or low level control conditions) substantiate the morphometry data from earlier cross-sectional studies. They confirm that physical exercise is a powerful modulator of cortical and subcortical brain structure. Another interesting structural parameter in this context is "cortical thickness", which can be automatically measured across the cortical mantle. For instance, mental memory training has been shown to induce regional increases in cortical thickness, with thickness changes in the right fusiform and lateral orbitofrontal cortex correlating positively with improvement in source memory performance [80] .
Thus far, no longitudinal randomized studies have examined the effects of exercise on brain structure in patient cohorts. A cross-sectional study in patients with AD, however, showed with VBM that there is a inverse relationship between fitness levels and the amount of hippocampal atrophy [81] . Another study examined the association of cardiorespiratory fitness and global brain atrophy and cognition in early-stage AD and found reduced global brain atrophy in patients with increased cardiorespiratory fitness [44] . Hence, cardiorespiratory fitness may moderate brain atrophy in neurodegenerative disorders like AD but, clearly, future studies in randomized longitudinal intervention trials need to be conducted in these patients and also extending to at-risk cohorts.
Functional brain changes induced by exercise
As mentioned in the introduction, this review will not go into depth regarding so-called brain activation studies applied in exercise sciences because functional task and resting brain studies are considered above all as research tools requiring accross-subject averaging procedures. It is expected that this will presumably also hamper their applicability as predictive, preventive and personalized surrogate markers in future, as task processing is considerably affected by interindividual variance. Nevertheless, it is important to point out that the effects of exercise training on brain-related activity during cognitive task performance have provided some interesting findings that are compatible with a modulatory effect of exercise on task-specific cognitive processing.
A focus has been laid on the effects of exercise on attentional control mechanisms, again pioneered by Arthur Kramer's group, using a modified flanker task, in which subjects have to focus on the direction of a center arrow (leftward/rightward) while ignoring four surrounding flanker arrows, either pointing in the same (congruent) or the opposite (incongruent) direction. This task requires continued attentional control and suppression of irrelevant information. In a cross-sectional design, brain activity reflecting the difference between processing inconsistent versus consistent conditions was related to cardiorespiratory fitness levels of the participats. Higher fit older adults showed relatively increased activation in the dorsolateral prefrontal cortex on the right side and relatively reduced activity in the anterior cingulate cortex, implicating that improved performance in the high fit group can be explained by improved top-down control and reduced experience of conflict [82] .
When the same task was tested under longitudinal conditions in 29 subjects (mean 65.60 year, range 58-77 year old), before and after either six-month moderate intensity walking (intervention group) or stretching and toning (control group), the results could be further substantiated [82] : Exercise increased fitness and, consistent with the results from the cross-sectional study, exercise increased activity in the DLPFC and decreased activity in the ACC. As these effects were only seen in the exercise group, the interpretation is that aerobic exercise is a specific modulator of cognitve processing.
As exercise effects are discussed in the context of prophylactic influences of cardiorespiratory fitness on cognitive decline in older adults (see also section on structural imaging), future activation studies will have to pursue the important question whether fitness also moderates disease-related abnormal cognitive processing in neurodegenerative conditions and whether restaurative effects on brain function can be found in longitudinal functional imaging designs.
Metabolic brain changes and neurotransmission induced by exercise
So far, PET with the tracer 18 F-FDG has been performed only to study the effects of acute exercise bouts, as shown in a paradigm where subjects were instructed to run 10-15 min before and subsequently continue running for a total of 30-40 min after 18 F-FDG injection [83] . Upon imaging, acute exercise -as compared with the resting state -was associated with an increased metabolic rate of glucose consumption in various cortical areas, including premotor and sensori-motor areas, as well as in the cerebellum. These intial applications highlight the potential of 18 F-FDG PET in exercise neuroscience; indeed, rather than using the method for examining acute exercise bouts, 18 F-FDG PET may have an even greater potential for monitoring sustained metabolic effects of regular physical exercise and, thereby, to provide in vivo signatures of neuroprotective effects and/or restauration of brain metabolism due to chronic exercise training. While human studies of this kind have not yet been published, animal research has demonstated increases in metabolic capacity after repeated voluntary running wheel exercise in rats, i.e. indexed as increases in cytochromoxydase activity [84] . 18 F-FDG PET is at present considered as a "gold standard" method for detection of metabolic changes in patients with neurodegenerative disorders. AD is characterized by a specific pattern of regional metabolic dysfunction and this pattern can be demonstrated already in early presymptomatic stages of disease with high sensitivity and specificity. Thus, 18 F-FDG PET would be ideally suited in combination with neuropsychological testing to quantify metabolic adaptations to exercise in AD patients and at-risk subjects.
Furthermore, as PET also allows more specific in vivo characterization of AD pathophysiology using tracers targeting amyloid plaques [68, 69] , it is also foreseeable that these so-called "amyloid tracers" will be used to measure amyloid clearance associated with exercise in preclinical stages of AD. These and other future applications are unique, as pathophysiological substrates of disease pathologies can be directly monitored in randomized clinical trials and, hopefully, will foster applicability of moderate exercise interventions in disease conditions for prevention and/or restauration.
PET ligand studies have also been applied in exercise research to study acute release of specific neurotransmitters in vivo. The measurement of acute neurotransmission induced by acute exercise bouts has so far been limited to the dopaminergic [85] and opioidergic [86] systems, which are highly relevant for reward processing and mood in exercise. It is, however, also well conceivable that PET will be highly informative in studies focusing on long-term effects of exercise on neurotransmission and receptor distribution. Thereby, PET may generate new understanding of underlying central neurochemical mechanisms of exercise (in particular opioidergic, endocannabinoid, dopaminergic, and serotinergic transmission) and how this impacts on affective disease states. Indeed, patients with affective disorders are known to benefit from regular exercise regimens [66, 67] , hence, studies on long-term adaptations of neurotransmitter systems following regular exercise will be of particular interest in future studies, both, in treatment and prevention settings.
Conclusions & outlook
Although the application of modern neuroimaging techniques in human exercise research is still in its infancy, there are indications that regular exercise promotes the structural and functional integrity of the CNS and, thereby, counteracts agerelated decline. The rationale behind exercise interventions goes beyond direct regenerative effects of exercise (neurogenesis, angiogenesis, synaptic plasticity), as exercise effects are also driven by a reduction of cardiovascular risk profiles and associated morbidity.
In terms of preventive and predictive medicine, in vivo biomarkers are needed in the future that allow determining functional or structural brain changes in single individuals with a high degree of sensitivity and specificity. However, subtle changes are difficult to detect with imaging and current research studies are usually done in larger cohorts to allow statistical inference and -by applying corrections for multiple comparisons -valuable generalization to larger populations. Thus, not all directions pursued in research are directly applicable as valuable imaging tools suitable for single subject studies. This is particularly true for the field of activation studies, whereas metabolic effects may be reliably monitored in single subjects, depending on the robustness of the applied methods.
In conclusion, the structural and functional outcome measures described in this review article can not yet be considered as individual surrogate markers in the context of personalized physical exercise recommendations. This has to do with the fact, that the imaging data described here subserve mostly research purposes, and, likewise are derived from larger cohorts and use across-subject averaging. Nevertheless, in vivo whole-brain neuroimaging studies with PET and MRI derived from research cohorts will permit identifying outcome measures of physical exercise treatments and, thereby, inform researchers about underlying structural, metabolic, neuronal and potentially neurotransmitter effects of exercise. This will impact upon personalized medicine and provide strong grounds for exercise applications in healthy subjects, and even more so in disease states and preclinical situations. Thus, application of neuroimaging in exercise research will be a valuable human research tool that will close the gap between animal research at the one hand and pure behavioral studies on the other hand. At least for structural and metabolic imaging, applicability in personalized settings using non-invasive imaging in longitudinal settings is not totally inconceivable, however, the future applicability in predictive, preventive, and personalized medicine depends on the sensitivity of neuroimaging to detect exercise-interventions on a single-subject basis. As yet, the effect sizes are still largely unknown and further research in cohort studies is necessary to gain further insight into the modulatory effects of exercise on the human brain.
